Abstract: Collections of Bionectriaceae and Nectriaceae from Henan, Hubei and Guangdong provinces, China, were examined. Three new species, Neonectria confusa, N. shennongjiana and N. sinensis, are described and illustrated. Distinctions between the new species and their related taxa are discussed. Phylogenetic relationships among some Neonectria species are investigated based on analyses of nuclear ribosome DNA ITS1-5.8S-ITS2 and b-tubulin partial sequences. Combined analyses of molecular and morphological data suggest that N. confusa and N. shennongjiana can be classified in Neonectria sensu stricto and N. sinensis in the N. mammoidea-Group. A key to the known species of Neonectria from China is provided.
INTRODUCTION
Nectriaceous fungi with Cylindrocarpon Wollenw. anamorphs previously were divided into five groups in Nectria (Booth 1959; Samuels and Brayford 1990 , 1994 Brayford and Samuels 1993; Rossman et al 1999) . Rossman et al (1999) redefined genus Neonectria Wollenw. and accepted three species including the type, N. ramulariae, and two others in the N. coccinea/galligena-group. Based on morphological and molecular studies species belonging to the N. mammoidea-group, N. rugulosa-group, N. radicicola-group and N. veuillotiana-group later were assigned to Neonectria (Mantiri et al 2001 , Brayford et al 2004 . The criteria to determine infrageneric groups and relationships among taxa in the genus are still uncertain (Rossman et al 1999 , Mantiri et al 2001 , Brayford et al 2004 , Halleen et al 2004 , Hirooka et al 2005 , Castlebury et al 2006 , Schroers et al 2008 . Genus Neonectria is characterized by well developed or minute stromata, subglobose to broadly pyriform and gregarious perithecia that are laterally or not collapsing when dry, 2-or 3-layered perithecial wall, smooth to warted perithecial surface, cylindrical to clavate asci with or without an apical ring, and uni-or multiseptate ascospores with spinulose or striate surface. Members of the genus have Cylindrocarpon anamorphs and occur on woody substrates. Thirtyseven species are currently accepted in the genus (Rossman et al 1999 , Mantiri et al 2001 , Seifert et al 2003 , Brayford et al 2004 , Halleen et al 2004 , Castlebury et al 2006 , Halleen et al 2006 , Hirooka et al 2006 , Hirooka and Kobayashi 2007 , Zhuang et al 2007 , Schroers et al 2008 , of which nine were reported from China (Lu et al 2000 , Taylor and Hyde 2003 , Zhang and Zhuang 2003 , Guu et al 2007 , Zhuang et al 2007 .
In this study three new species of Neonectria are described. Analyses of combined nuclear ribosomal DNA ITS1-5.8S-ITS2 and b-tubulin partial sequences were carried out to explore the relationships among species of the genus.
MATERIALS AND METHODS
Single-spore isolations were obtained from recent collections. Characters of colonies were described from cultures on potato dextrose agar (PDA, Gams et al 1998) and cornmeal dextrose agar (CMD, Gams et al 1998) , and measurements of conidiophores and conidia were from CMD. Microscopic descriptions of the anamorphs were undertaken from cultures after 14 d, and the color names of colonies follow the nomenclature of Ridgway (1912) . Water was used as mounting fluid for microscopic examinations and measurements, and photographs were taken from water or cotton blue lactophenol mounting medium (Stevens 1981) DNA was extracted from mycelium harvested from colonies on PDA grown after 14 d (Wang and Zhuang 2004) . Nuclear ribosomal DNA ITS1-5.8S-ITS2 (ITS) and partial b-tubulin gene were amplified with primer pairs ITS5 and ITS4 (White et al 1990) and T1 and T222 (O'Donnell and Cigelnik 1997) . The PCR reaction mixture consisted of 5 mL 10 3 PCR buffer, 3 mL MgCl 2 (25 mM), 2.5 mL each primer (10 mM), 1 ml dNTP (10 mM each), 2.5 mL template DNA, 0.5 mL Taq polymerase (5 U/mL) and 33 mL ddH 2 O. Reactions were performed on a GeneAmp PCR System 2400 (Perkin Elmer) with cycling conditions consisting of denaturation at 95 C for 5 min, followed by 35 cycles of denaturation at 94 C for 30 s, annealing at 52 C (for ITS) and 55 C (for partial b-tubulin gene) for 30 s and elongation at 72 C for 60 s, with a final 5 min extension step at 72 C. PCR products were purified with the PCR Product Purification Kit (Biocolor BioScience & Technology Co.) and sequenced with the ABI BigDye Terminator V3.1 Cycle Sequencing Kit (Applied Biosystems) on a ABI 3730 xl DNA Sequencer (SinoGenoMax Co. Ltd). ITS5 and ITS4 for ITS, and T1 (O'Donnell and Cigelnik 1997) and Bt2b (Glass and Donaldson 1995) for the partial b-tubulin gene were employed as sequencing primers. Final sequences were edited manually by BioEdit 7.0.5 (Hall 1999) . Other sequences of related species were retrieved from GenBank and compared with previous studies ( All sequences were aligned with Clustal X 1.8 (Thompson et al 1997) , and the alignment was adjusted where necessary with BioEdit 7.0.5. A partition homogeneity test (PHT) was performed with 1000 replicates in PAUP 4.0b10 (Swofford 2002) to evaluate statistical congruence between sequence data from ITS and partial b-tubulin gene regions. Haematonectria haematococca was chosen as outgroup. Maximum parsimony (MP) analysis was performed with PAUP 4.0b10 conducted by a heuristic search with these settings: All characters were equally weighted, gaps were treated as missing characters, starting trees obtained by stepwise addition, addition sequence 5 random, number of replicates 5 1000, number of trees held at each step during stepwise addition 5 1000, branch-swapping algorithm 5 tree-bisection-reconnection (TBR), steepest descent option not in effect, MULTREES option not in effect, topological constraints not enforced. Clade stability was evaluated by bootstrap method with a heuristic search. Simple addition sequence in stepwise addition was used, and the other settings were the same as those in parsimony analysis.
TAXONOMY
Neonectria confusa J. Luo & W.Y. Zhuang, sp. nov. FIGS. 1, 4-15, 35 MycoBank MB 514067 Etymology. The specific epithet refers to the difficulty of distinguishing this taxon from similar species.
Peritheciis subglobosis, papillatis, 170-275 mm diam; ascis cylindricis, 8-sporis, 60-86 3 4.5-8.5 mm; ascosporis ellipsoideis, uniseptatis, 9.4-13 3 3.4-6 mm. Ascomata perithecial, gregarious, in groups of up to 50, on a well developed stroma that is erumpent through bark, superficial, subglobose to pyriform, 200-310 mm high, 170-275 mm diam, with a small and red papilla 50-75 mm diam, not collapsing when dry, orange-red when fresh and red when dry, turning dark red in 3% KOH and orange-red to orange in lactic acid, surface smooth to rough. Ascomatal wall 24-43 mm thick, of two layers; outer layer 18-29 mm thick, cells angular, 7-17 3 5-10 mm, cell wall 0.5-2.5 mm thick; inner layer 4.5-15 mm thick, cells flattened, 9-29 3 2-5.5 mm, cell wall 0.5-1.5 mm thick. Asci cylindrical, 8-spored, with apical ring, 60-86 3 4.5-8.5 mm (n 5 50). Ascospores fusoid, uniseptate, not constricted at septum, hyaline to yellowish, warted, irregularly biseriate, 9.4-13 3 3.4-6 mm (n 5 50).
Colonies on PDA 3.2 cm diam after 4 d in the dark at 24 C, argus brown, surface floccose, aerial mycelium yellowish, reverse pigmented, antique brown. Colonies on CMD reaching 2.5 cm after 4 d in the dark at 24 C, buckthorn brown, aerial mycelium spare, reverse pigmented, ochraceous tawny. Conidiophores simple, complex to sporodochial. Simple conidiophores unbranched to sparsely branched, septate, 17.5-76 3 1.5-2.5 mm, conidiogenous cells monophialidic, cylindrical, 6-27.6 mm long, 1-2.2 mm at base, 0.4-1.6 mm near aperture; complex or sporodochial conidiophores branched, conidiogenous cells cylindrical, 13-24 mm long, 1.2-2. Notes. Among the existing species of the genus Neonectria confusa is most similar to N. faginata in somewhat smooth perithecia that are not collapsing when dry, cylindrical asci, ascospore size and warted surface, ovoid microconidia, fusoid to cylindrical and curved macroconidia with round ends, and brown colony on PDA. N. faginata is different from N. confusa in red to dark red and larger perithecia 250-400 mm diam, larger asci (78-)79-105(-128) 3 (7-)9-12(-14) mm with a simple apex, (4-)5-6(-8)-septate and larger macroconidia (62.6-)82-110.1(-120.3) 3 (5.1-) 6.3-8.2(-9.6 ) mm (Booth 1966 , Castlebury et al 2006 . It is also similar to N. coccinea and N. punicea in perithecial size and having a smooth surface, ovoid microconidia, fusoid to cylindrical macroconidia, and brown colony on PDA. N. coccinea differs in laterally collapsing perithecia when dry, larger asci (71-)76-93(-98) 3 (7-)8-10(-11) mm, larger ascospores (10.5-) 12.4-14. 4 3 5.1-6.5(-8.5 ) mm with spinulose surface, and larger macroconidia (33.3-)40. 4-78.5(-86.8) 3 (4.7-) 5.3-7.7(-8.6 ) mm (Booth 1959 (Booth , 1966 Castlebury et al 2006) . N. punicea differs in reddish-brown Ascomata perithecial, gregarious up to 10 in a group, with a well developed stroma that is erumpent through bark, superficial, subglobose to pyriform, 300-400 mm high, 270-355 mm diam, with a dark red papilla 65-100 mm diam, not collapsing or laterally collapsing when dry, red when fresh and dark red when dry, turning dark red in 3% KOH and orange red to orange in lactic acid, rough to slightly warted; warts red, 6.5-17 mm high, cells angular, enlarged, 7-16 3 6-11.5 mm, cell wall 1-2.5 mm thick. Ascomatal wall 18-36 mm thick, of two layers; outer layer 12-26 mm thick, cells 3-13 3 2.5-7 mm, angular, cell wall 1-2 mm thick; inner layer 4-12 mm thick, cells flattened, 6-14.5 3 1-4.5 mm, cell wall 0.5-1.5 mm thick. Asci subcylindrical to clavate, 8-spored, with an apical ring, 62-85 3 5.5-9 mm (n 5 50). Ascospores fusoid, uniseptate, not constricted at the septum, yellowish, smooth to spinulose, irregularly biseriate, 12-16 3 3-4.8 mm (n 5 50).
Colonies on PDA 2.5 cm diam after 4 d in the dark at 24 C, amber brown, surface floccose to cottony, aerial mycelium white to yellowish, reverse pigmented, antique brown. Colonies on CMD reaching 1.5 Notes. Among the known species of the genus Neonectria shennongjiana is most similar to N. macrodidyma in having pyriform perithecia with fine warts on the perithecial surface, the thickness of perithecial walls composed of enlarged cells, having subcylindrical to clavate asci with an apical ring, smooth to spinulose ascospores, subellipsoid 0-1-septate microconidia, and brown colonies. However N. macrodidyma differs from N. shennongjiana in having globose to subglobose instead of angular cells in the perithecial warts, cylindrical and 1-3(-4)-septate macroconidia instead of clavate, 0-3-septate macroconidia, with the upper end more or less truncate and with an abruptly widened subapical region with a much narrower basal end, and in lacking chlamydospores (Halleen et al 2004) . It is also similar to N. coccinea in having red to dark red perithecia with rough surface, not collapsing or laterally collapsing when dry, having a similar perithecial size, cylindrical to clavate asci with an apical ring, ascospores of similar length and spinulose surface, 0-1-septate, subellipsoid microconidia, and brown colonies. However N. coccinea differs in having perithecia on a basal stroma, thicker perithecial walls (35-45 mm), somewhat larger asci (71-)76-93(-98) 3 (7-)8-10(-11) mm, wider ascospores, 5.1-6.5(-8.5) mm, cylindrical, 3-6-septate and larger macroconidia, (33.3-) 40.4-78.5(-86.8) 3 (4.7-) 5.3-7.7(-8.6 ) mm, and presence of chlamydospores (Booth 1959 (Booth , 1966 Castlebury et al 2006) .
Moreover the shape of macroconidia of the new species is characteristic and has not been reported from any other species of Cylindrocarpon; thus the unnamed anamorph is new to Cylindrocarpon. It shares some morphological features with C. obtusisporum but differs obviously in macroconidia not cylindrical, smaller 14.5-41 3 2.8-5.8 Neonectria sinensis J. Luo & W.Y. Zhuang, sp. nov FIGS. 3, 27-34, 37 MycoBank MB 514069 Etymology. The epithet refers to name of the country where this fungus was first collected.
Peritheciis subglobosis, papillatis, 295-370 mm diam; ascis cylindricis, 8-sporis, 82-106 3 4.5-8 mm; ascosporis ellipsoideis, uniseptatis, spinulosis, 10.4-16 3 3.2-5.8 mm. Ascomata perithecial, gregarious up to 25 in a group, with a well developed stroma that is erumpent through bark, superficial, subglobose to pyriform, 330-405 mm high, 295-370 mm diam, with a dark red and slightly flattened apex, 90-160 mm diam, not collapsing or laterally collapsing when dry, red when fresh and brown red when dry, turning dark red in 3% KOH and orangered to orange in lactic acid, slightly warted; warts red, 7-33 mm high, cells angular, enlarged, 8-24.5 3 5.5-20 mm, cell wall 0.5-2 mm thick. Ascomatal wall 32-55 mm thick, of two layers; outer layer 16-36 mm thick, cells lacking a definite shape, of textura epidermoidea, meandering, axis of cells somewhat perpendicular to perithecial surface, 4-13 3 3-7.5 mm, cell wall 1-2 mm thick; inner layer 6-22 mm thick, cells flattened, 7.5-16 3 2-6 mm, cell wall 0.5-2 mm thick. Asci cylindrical, 8-spored, with apical ring, 82-106 3 4.5-8 mm (n 5 50). Ascospores fusoid-ellipsoid, uniseptate, not constricted at septum, hyaline, spinulose, uniseriate, 10.4-16 3 3.2-5.8 mm (n 5 50).
Colonies on PDA 1 cm diam after 4 d in the dark at 24 C, neutral red, surface velvety, aerial mycelium white to purplish, colony reverse pigmented, dark vinaceous-purple. Colonies on CMD reaching 1 cm after 4 d in the dark at 24 C, pale ochraceous-salmon, aerial mycelium spare, colony reverse pigmented, pale ochraceous-salmon. Conidiophores complex to sporodochial. Complex and sporodochial conidiophores branched; conidiogenous cells monophialidic, cylindrical, 16-22 mm long, 1.4-2.6 Notes. The perithecial wall anatomy, spinulose ascospores, purple colonies and absence of microconidia of Neonectria sinensis indicate its position in the N. mammoidea-Group (Rossman et al 1999 , Brayford et al 2004 . It is similar to N. discophora var. discophora and N. lucida in having red perithecia with a dark red apex, cylindrical asci with an apical ring, spinulose ascospores, fusoid to cylindrical and curved macroco- FIGS. 27 nidia, and lacking microconidia and chlamydospores. N. discophora var. discophora differs from our collection in having globose and smooth perithecia seated on a minute stroma, with distinct palisade of hyphal cells in the outer perithecial wall and axes of cells perpendicular to perithecial surface, wider asci (68-)72-95 (-120) 3 7-10(-15) mm, pale brown and wider ascospores (10-)12-17(-20) 3 (4-)5-8 (-9) mm, and (2-)3-5(-7)-septate macroconidia (Brayford et al 2004) . N. lucida differs from our collection in having globose and larger perithecia 430-480 mm diam, smooth instead of slightly warted perithecial surface, thinner perithecial wall (20-30 mm), distinct palisade of hyphal cells in the outer perithecial wall and axes of cells perpendicular to perithecial surface, shorter and wider asci 63-72 3 6.5-10 mm long, pale brown and wider ascospores (10-)12-15(-17) 3 (5-) 5.5-6.5(-7) mm and with 3-8 septa instead of 1-4-septate, larger macroconidia 60-90 3 5-10 mm, and white to tan instead of purple colonies (Brayford et al 2004) . RESULTS 
AND DISCUSSION
Relationships among species of Neonectria.-ITS and partial b-tubulin sequences from four Cylindrocarpon taxa and 19 Neonectria taxa, including three novel species, were analyzed. The partition homogeneity test (P 5 0.018) indicated that the individual partitions were not highly incongruent (Farris et al 1995 , Cunningham 1997 , thus the ITS and b-tubulin partial sequences were combined for phylogenetic analysis. The combined sequence alignment contained 29 sequences, each with 1053 characters that were equally weighted. Among them 577 were constant, 127 were variable and 349 were parsimony informative. One of six equally most parsimonious trees was obtained (FIG. 38) to explore the relationships among the species investigated.
The maximum parsimony analysis of the combined ITS and partial b-tubulin sequences indicates that members of Neonectria are divided into two major clades, I and II, that are not closely related (FIG. 38) . This finding agrees with the results of Halleen et al (2004) and Schroers et al (2008) . Clade I (FIG. 38) , comprising N. ramulariae, the type species of the genus, and 11 other Neonectria species plus three of Cylindrocarpon, received high bootstrap support (97%). All these species belong to Neonectria sensu stricto, which accommodates the N. coccinea/galligena-group, N. radicicola complex and related species (Schroers et al 2008) . Four subgroups are further recognized in this clade. Two of our new species, N. confusa and N. shennongjiana, clustered with N. faginata, N. coccinea, N. punicea, N. ramulae, N. ditissima, C. cylindroides (the type species of Cylindrocarpon) and C. obtusisporum, forming a well supported monophyletic subgroup (99%), which indicates their positions in the N. coccinea/galligenagroup. N. confusa is closely related to N. coccinea, N. faginata and N. punicea with 100% bootstrap value and clearly distinct from the morphologically similar species N. punicea. Our analysis also suggests that N. shennongjiana is distinctive and different from the morphologically similar species, N. coccinea, N. macrodidyma and C. obtusisporum. The second subgroup of Clade I contains only N. fuckeliana and is a sister of the former. The results support its position in Neonectria sensu stricto, which is consistent with other studies (Halleen et al 2004 , Castlebury et al 2006 . The third subgroup (with 90% bootstrap value) includes N. radicicola, C. destructans var. crassum, N. liriodendri and N. hubeiensis. N. hubeiensis is closely related to the N. radicicola complex and morphologically similar to the latter in having warted perithecia, large and thick-walled cells of the outer perithecial wall, smooth ascospores and 1-3-septate macroconidia (Booth 1966 , Rossman et al 1999 , Halleen et al 2006 , Schroers et al 2008 . In this analysis N. macrodidyma did not group with any other species.
Clade II (FIG. 38) contains seven Neonectria and one Cylindrocarpon species, but with low (61%) bootstrap support. Two subgroups are recognized additionally. Six species in Neonectria and Cylindrocarpon constitute one subgroup with 92% bootstrap value, which includes our new species, N. sinensis, distinct from and closely related to N. lucida, C. theobromicola, N. discophora var. discophora and N. trachosa, which is congruent with our morphological data. These belong to the N. mammoidea-group and are characterized by having smooth to roughened perithecia with cells oriented perpendicular to ascomatal surface, spinulose ascospores, and purplish colonies lacking microconidia in culture. N. veuillotiana (N. veuillotiana-group) is not distinguishable but clusters with members of the N. mammoidea-group, which agrees with the results of studies based on mitochondrial small subunit rDNA sequence analyses (Mantiri et al 2001 , Brayford et al 2004 . Another subgroup, with 100% bootstrap support, includes N. castaneicola and N. rugulosa. Both possess warted perithecia with thick perithecial walls having large, thick-walled cells and striate ascospores. These characters are unique within genus Neonectria, according to Rossman et al (1999) . KEY 
